Effect of Various Parameters on Spread in Flashing Operation of Precision Steel Ball Manufacturing Process  by Patel, Pratik J. et al.
 Procedia Materials Science  5 ( 2014 )  2224 – 2232 
Available online at www.sciencedirect.com
2211-8128 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
doi: 10.1016/j.mspro.2014.07.431 
ScienceDirect
,QWHUQDWLRQDO&RQIHUHQFHRQ$GYDQFHVLQ0DQXIDFWXULQJDQG0DWHULDOV(QJLQHHULQJ
$00(
(IIHFWRIYDULRXVSDUDPHWHUVRQ6SUHDGLQIODVKLQJRSHUDWLRQRI
SUHFLVLRQVWHHO EDOOPDQXIDFWXULQJSURFHVV
3UDWLN-3DWHOD6DXULQ6KHWKE3XUYL&KDXKDQF
D$VVLVWDQW3URIHVVRU&*3DWHO,QVWLWXWHRIWHFKQRORJ\%DUGROL,QGLD
E$VVRFLDWH3URIHVVRU*+3DWHO,QVWLWXWHRIWHFKQRORJ\9LGK\DQDJDU ,QGLD
F$VVLVWDQW 3URIHVVRU%LUOD9LVKYDNDUPD0DKDYLGK\DOD\D9LGK\DQDJDU,QGLD
$EVWUDFW
3UHFLVLRQEDOOVDUH WKHNH\HOHPHQWVIRU FULWLFDODHURQDXWLFDOEHDULQJVJXLGDQFHV\VWHPEDOOVIRUVSDFHDQGPLOLWDU\DSSOLFDWLRQV
SUHFLVLRQYDOYHV DXWRPRWLYHEHDULQJV DQGRWKHU DSSOLFDWLRQV ,QDOO WKHVH DSSOLFDWLRQV KLJKHUSUHFLVLRQ LV UHTXLUHG +HQFH WKH
GHYHORSPHQW RI D PRUH HFRQRPLFDO ILQLVKLQJ PHWKRG EHFRPHV D FULWLFDO SUREOHP LQ WKH DSSOLFDWLRQ RI DGYDQFHG 6WHHO EDOO
PDQXIDFWXULQJ 6SUHDGLVWKHYDULDWLRQLQWKH'LDPHWHURI %DOOVRIVDPHEDWFKRUORW6SUHDGLVDYHU\FULWLFDOTXDOLW\SDUDPHWHU
ZKLFKPXVWEHFRQWUROOHGZKLOHRSHUDWLRQ7KHH[SHULPHQWIRU)ODVKLQJZDVGHVLJQHGXVLQJDIXOOIDFWRULDOGHVLJQZLWKWZROHYHOV
IRUHDFKLQSXWYDULDEOHN IDFWRULDOGHVLJQ6LQFHWKHUHDUHWKUHHIDFWRUVHDFKDWWZROHYHOVWKHGHVLJQLV IDFWRULDO GHVLJQV
)DFWRUV WDNHQIRU WKHH[SHULPHQWVDUH3UHVVXUHEHWZHHQWZRSODWHV1RRI*URRYHV LQSODWHV	530RI5LQJ3ODWH )URPWKH
PDLQHIIHFWSORWSUHVVXUHVKRXOGEHDWORZHUOHYHO6DPHZD\IURP530VKRXOGEHDWORZHUOHYHO 	1RRIJURRYHVVKRXOGDOVREH
DW ORZHU OHYHO WRDFKLHYHPLQLPXPVSUHDG$OVRDW WKHVH OHYHORIWKHSDUDPHWHUV WKHUHVLGXDOHUURU IRXQGIURPWKHUHJUHVVLRQ
PRGHOLV ZKLFKLVYHU\OHVVVRWKHYDOXHRIWKHVHSDUDPHWHUVVDWLVI\LQJWKHUHTXLUHGIXQFWLRQ$OVRIURPWKHH[SHULPHQWV
3HUFHQWDJHFRQWULEXWLRQDUHSUHVVXUHKDYLQJ 1RRI*URRYHVKDYLQJ	530KDYLQJHIIHFWRQVSUHDG
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV )ODVKLQJ6SUHDG'HVLJQRIH[SHULPHQW$129$UHJUHVVLRQPRGHO
,QWURGXFWLRQ
 %DOO0DQXIDFWXULQJ 3URFHVV
3UDWLN-3DWHO7HO
(PDLODGGUHVV SUDWLNBHUPHFK#\DKRRLQ
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
2225 Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
)LJ 2SHUDWLRQVHTXHQFHIRU3UHFLVLRQ6WHHO%DOO0DQXIDFWXULQJ
,QZLUH'UDZLQJ:LUH&RLOVDUHFKHFNHGIRU'LDPHWHUDQGFKHPLFDOFRPSRVLWLRQ$QQHDOLQJLVRQHNLQGRI+HDW
WUHDWPHQWSURFHVV,QWKLV3URFHVVWKHFRLOVRIZLUHZLOOEHSXWLQWKHIXUQDFH	WKLVSURFHVVWDNHVDSSUR[LPDWHO\
KUV 7KHQZLUH FRLOZLOO EH VHQG WRKHDGLQJGHSDUWPHQW ,QKHDGLQJ:LUHV DUH FROG IRUJHG LQWR VSKHULFDO VKDSHV
EHWZHHQ WZR GLHV$ SURFHVV WKDW SURGXFH VOXJV IURP UDZZLUH DQG IURP VOXJ KHDGHG EDOO ZLOO SURGXFH E\ FROG
IRUJLQJ,Q+HDGHU0DFKLQHWKH:LUHZLOOEHFXWZLWKFXWWHU	WKHFXWSLHFHRIZLUHLVNQRZQDV6OXJ6L]HRIWKH
6OXJLVPDLQWDLQHGE\VHWWLQJWKHVWURNHOHQJWKRIWKHFDP	IROORZHU$IWHUWKDW6OXJLVSUHVVHGLQ'LHZLWKWKHKHOS
RI 3XQFKVRLWZLOOEHIRUPHGLQDSSUR[LPDWHO\URXQG6KDSH+HDGHGEODQNVDUHJURXQGEHWZHHQWZRPHWDOSODWHV
)ODVKLQJ2SHUDWLRQLVDSURFHVVRIUHPRYLQJH[FHVVLYHPDWHULDORI%DOORUWRUHPRYHWKHPDWHULDODWHTXDWRU	3ROO
WRPDNHWKHFLUFXPIHUHQFHRIWKHEDOOSHUIHFWO\URXQG,Q)ODVKLQJERWKWKH3ODWHVDUHPDGHRI&DVW,URQ,W LV WKH
VDPHSURFHVVDVIODVKLQJIRUUHPRYLQJWKHPDWHULDOEXWWKHGLIIHUHQFHLVRQO\WKDWWKH*DSSODWHLVPDGHRI&DVWLURQ
EXWWKH%DOOZKHHOLVD6WRQH:KHHO
+HDW WUHDWPHQW LVD KLJK WHPSHUDWXUHSURFHVV WKDW KDUGHQV WKHEDOOE\ VXEMHFWLQJDPHWDORUDOOR\ WRFRQWUROOHG
KHDWLQJDQGFRROLQJ WR LPSURYHKDUGQHVVDQGRWKHUSURSHUWLHV6SHFLDOO\GHVLJQHG IXUQDFHVDUHXVHG WRKDUGHQ WKH
EDOOV ,Q KHDW WUHDWPHQW SURFHVV WKH EDOOV DUH KHDWHG DURXQG  KUV LQ D IXUQDFH WKHQ WKH\ DUH GURSSHG LQ WR WKH
4XHQFKLQJ2LO7KHQ:DVKLQJZLOOEHGRQH%XWGXHWRTXHQFKLQJRLOWKHEDOOVDUHEHFRPHEULWWOH7RUHOLHYHVWUHVV
IURPWKHVHEDOOVWHPSHULQJRSHUDWLRQLVGRQH*ULQGLQJSURFHVVLVWKHVWHS LQZKLFKSUHFLVLRQGLDPHWHUDQGVSKHULFLW\
LV DFKLHYHG ,W LV VLPLODU WR IODVKLQJ SURFHVV IRU SHUIHFWLQJ WKH VL]LQJ VSKHULFLW\ 	 VPRRWK VXUIDFH ILQLVK 7KLV
SURFHVVLVVDPHDV6RIW*ULQGLQJRQO\GLIIHUHQFHLVWKDWLQVRIWJULQGLQJWKHEDOOVDUHVRIWEXWQRZWKH\DUHKDUG,Q
JULQGLQJRSHUDWLRQ3RO\FRRO LVXVHG DVFRRODQWOLTXLG,QWKLVSURFHVVWKHEXQFKRIEDOOVDUHURWDWHGLQELJEDUUHO
%DUUHO¶VUSPLVZKLFKZDVIL[HGZKHQEDOOVZLOOIDOOIURPPD[LPXPKHLJKWLQEDUUHO6FRXULQJLVGRQHWRKDUGWKH
%DOORXWHUFDVLQJ6RWKLVLVNQRZQDV&DVHKDUGHQLQJ3URFHVV/DSSLQJLVWKHVDPHSURFHVVDVWKHJULQGLQJSURFHVV
7KH0DWHULDOUHPRYDOUDWHLVORZHUWKDQWKHJULQGLQJ,Q/DSSLQJWKH*DSSODWHLVRI&DVW,URQEXWWKH5LQJ3ODWHLV
PDGHRI%DNHOLWHKDYLQJ*ULW7HFKODSLVXVHGDVFRRODQW$SURFHVVWKDWSROLVKHVWKHEDOOWRDVKLQ\ILQLVKDQGWR
WKHH[DFWVL]HUHTXLUHG,QODSSLQJWKHGLIIHUHQFHLVWKDWWKHULQJSODWHLVPDGHRI%DNHOLWHKDYLQJJULW'XHWR
KLJKHU*ULWLQSODWHWKHEDOOVDUH KDYLQJKLJKHUVXUIDFHILQLVK,QRWKHUZRUGVLWLVD3ROLVKLQJ3URFHVV,QWKLVVWDJH
WKH%DOOVZLOOJHWWKHLUGHVLUHGVL]HDVSHUFXVWRPHUUHTXLUHPHQW
7KHILQLVKLQJSURFHVVRIVWHHOEDOOVFDQEHGLYLGHGLQWRWZRVWHSVILUVWO\URXJKODSSLQJJULQGLQJDQGVHFRQGO\
ILQHODSSLQJSROLVKLQJ,QWKHILUVWVWHS íODSSLQJPD[LPXPPDWHULDOUHPRYDOUDWHLVWKHJRDOZKLOHDFKLHYLQJIDLUO\
JRRGEDOOURXQGQHVVDQGPDLQWDLQLQJQRFRQVHTXHQWEDOOVXUIDFHDQGVXEVXUIDFHGDPDJH7KHILUVWVWHSLVODSSLQJLQ
ZKLFKPRVWRIWKHVWRFNIURPWKHEDOOLVUHPRYHGDWDKLJKHUPDWHULDOUHPRYDOUDWH7KHVHFRQGVWHSLQWKHILQLVKLQJ
SURFHVV LV SROLVKLQJ LQ ZKLFK WKH EDOO VXUIDFH URXJKQHVV URXQGQHVV GLPHQVLRQDO DQG JHRPHWULF DFFXUDF\ DUH
DFKLHYHG7KHPDMRUFRQFHUQRIWKHFXUUHQWVWXG\LVWRLQYHVWLJDWHWKHSHUIRUPDQFHRIWKH)ODVKLQJPDFKLQHLQWKH
LQLWLDOVWDJH)ODVKLQJLVDQLQLWLDORSHUDWLRQWRJHQHUDWHVSKHULFDOVXUIDFHRI%DOOZKLFKUHTXLUHVKLJKHUSUHVVXUHDV
FRPSDUHWRODSSLQJ/DSSLQJLVDJHQWOHILQDORSHUDWLRQFRPPRQO\XVHGZLWKORZVSHHGDQGORZSUHVVXUHWRJHQHUDWH
XOWUD ILQHILQLVKHVH[WUHPHIODWQHVVRUURXQGQHVVDQGFULWLFDOO\FORVHWROHUDQFHV+RZHYHU WKHXVXDOGHILQLWLRQRI
ODSSLQJ LV WKH UDQGRPUXEELQJRIDSDUW DJDLQVWD ODS XVXDOO\RIFDVW LURQFRPSRVLWLRQRUDQRWKHUPDWHULDO WKDW LV
VRIWHUWKDQWKHSDUWXVLQJDQDEUDVLYHPL[WXUHLQRUGHUWRLPSURYHILWDQGILQLVK
2226   Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
 /LWHUDWXUHVXUYH\
&- (YDQV HW DO  UHYLHZV WKH IXQGDPHQWDO PHFKDQLVPV RI PDWHULDO UHPRYDO LQ ODSSLQJ DQG SROLVKLQJ
SURFHVVHVDQG LGHQWLILHVNH\DUHDVZKHUHIXUWKHUZRUN LV UHTXLUHG7KHIRXU3URFHVVFRPSRQHQWV7KHZRUNSLHFH
)OXLG*UDQXOH /DS -.DQJ HW DO  H[DPLQHG WZR W\SHVRI+,3HG 6L1EHDULQJ EDOO EODQNVZLWKGLIIHUHQW
VXUIDFH KDUGQHVV DQG IUDFWXUH WRXJKQHVV ZHUH ODSSHG XQGHU YDULRXV ORDGV VSHHGV DQG OXEULFDQWV XVLQJ D QRYHO
HFFHQWULF ODSSLQJ PDFKLQH LQ ([DPLQDWLRQ RI WKH PDWHULDO UHPRYDO PHFKDQLVPV GXULQJ WKH ODSSLQJ SURFHVV RI
DGYDQFHGFHUDPLFUROOLQJHOHPHQWV,QZKLFKWKHODSSHGVXUIDFHVZHUHH[DPLQHGE\RSWLFDOPLFURVFRSHDQG6(0
'LIIHUHQWODSSLQJIOXLGVDIIHFWHGWKHPDWHULDOUHPRYDOUDWHDWORZHUODSSLQJORDGVEXWWKH\KDGPXFKOHVVLQIOXHQFH
RQ WKH PDWHULDO UHPRYDO UDWH DW KLJKHU ODSSLQJ ORDGV 7KH SUHOLPLQDU\ FRQFOXVLRQ LV WKDW WKH PDWHULDO UHPRYDO
PHFKDQLVP GXULQJ WKH ODSSLQJ SURFHVV RI VLOLFRQ QLWULGH EDOOV XVLQJ WKLV HFFHQWULF ODSSLQJ PDFKLQH LV PDLQO\
PHFKDQLFDODEUDVLYHZHDU -.DQJHWDO GHVLJQRIDQRYHO HFFHQWULFODSSLQJPDFKLQHIRUILQLVKLQJDGYDQFHG
FHUDPLFEDOOV 7ZRNLQGVRI+,3HG+RWLVRVWDWLFDOO\3UHVVHGVLOLFRQQLWULGHEDOOEODQNVPPaPPLQ
GLDPHWHUZHUHODSSHGDQGSROLVKHGWRPPXVLQJWKLVPDFKLQH$PD[LPXPPDWHULDOUHPRYDOUDWHRIȝP
SHUKRXUZDVDFKLHYHGDWWKHODSSLQJVWHSZKLFKLVPXFKKLJKHUWKDQE\WKHWUDGLWLRQDOFRQFHQWULFODSSLQJPHWKRG
7KHSROLVKHGEDOOVXUIDFHURXJKQHVV5DYDOXHLVȝPDQGWKHEDOOURXQGQHVVLVaȝPZKLFKLVDERYH
JUDGHDQGFORVHWRJUDGHRIWKHSUHFLVLRQEHDULQJEDOOVSHFLILFDWLRQ -.DQJHWDOH[DPLQHGWKHFRVWRI
ILQLVKLQJ RSHUDWLRQ LV YHU\ PXFK KLJKHU VR 3DUDPHWHU RSWLPL]DWLRQ E\ 7DJXFKL 0HWKRGV IRU ILQLVKLQJ DGYDQFHG
FHUDPLF EDOOV XVLQJ D QRYHO HFFHQWULF ODSSLQJ PDFKLQH LV GRQH 7 .XUREH HW DO  LGHQWLI\ WKDW ORZRUGHU
ZDYLQHVVLV LPSURYHGZKHQERWKWKHIL[HGODSDQGURWDWLQJODSKDYHGHHSJURRYHV7KHPHGLXPRUGHUZDYLQHVVLV
LPSURYHGZKHQWKHIL[HGODSKDVGHHSJURRYHVZKLOHWKHURWDWLQJODSKDVVKDOORZ JURRYHV7KHKLJKRUGHUZDYLQHVV
LV DOVR LPSURYHG HIIHFWLYHO\ZKHQ WKHJURRYHVRQ WKH IL[HG ODS DUHGHHS DQG WKHJURRYHVRQ WKH URWDWLQJ ODS DUH
VKDOORZ -.DQJ DWDO VXJJHVWVWKDWLQRUGHUWRREWDLQEHWWHUVXUIDFHTXDOLW\WKHGLDPRQGSDUWLFOHVL]HVKRXOG
EHUHGXFHGJUDGXDOO\LQSUHYLRXVODSSLQJSURFHVVWRDYRLGOHDYLQJDQ\GHHSVFUDWFKHVRQWKHEDOOVXUIDFH
 )/$6+,1*23(5$7,21
)ODVKLQJ LV DQ LQLWLDO RSHUDWLRQ LQ WKH EDOO PDQXIDFWXULQJ 3URFHVV WKLV RSHUDWLRQ LV IROORZHG E\ +HDGLQJ
2SHUDWLRQ +HDGHG EDOOV DUH RSHUDWHG EHWZHHQ WZR PHWDO SODWHV +HDGHG EDOOV DUH QRW SHUIHFWO\ URXQG EDOOV DUH
KDYLQJ GLIIHUHQW GLDPHWHU DW SROO	(TXDWRU DV VKRZQ LQ ILJXUH  )ODVKLQJ RSHUDWLRQ LV FDUULHG RXW WR PDNH WKH
JHRPHWU\RIEDOOSHUIHFWO\URXQG)ODVKLQJ RSHUDWLRQJHQHUDWHV VSKHULFDO
)LJ+HDGHG%DOO
+\GUDXOLFXQLWLVXVHGWRFUHDWHSUHVVXUHWKDWXQLWLVLQVWDOOHGEHKLQGWKH*DSSODWH)L[3ODWH%HOW	SXOOH\GULYHLV
XVHGWRFRQQHFWWKHVKDIW	 PRWRU7KHULQJSODWHZLOOEHPRXQWHGRQWKHVKDIW&RQYH\RULVXVHGWRIHHGWKHEDOOV
ZKLFKLVDOVRPRXQWHGRQDQRWKHUPRWRU %ULQJERWKWKHSODWHQHDUHUMXVWWROHDYHHQRXJKJDSEHWZHHQWKHSODWHVDV
UHTXLUHGEDOOVL]H)HHGEDOOVLQWKHJURRYHVPDQXDOO\DQGURWDWHWKHSODWHLQLQFKLQJWKHPFWLOOWKHEDOOVFRPLQJRXW
IURP WKH RXW OHW FKXWH ZLWK PLQLPXP SUHVVXUHV &KHFN WKH EDOOV FRPLQJ RXW IURP VWRSSHU ER[ IRU DQ\ W\SH RI
GDPDJH,IIRXQGRNWKDQFORVHWKHSODWHJXDUGDQG6WDUWWKHFRQYH\RUFRRODQWIORZRLOSXPSDQGPDLQPRWRU6HW
WKH FRRODQW IORZ	 UXQ WKHPDFKLQHV HQVXULQJ WKDW WKHEDOOV DUH IHHGZLWKRXW DQ\ LQWHUUXSWLRQV6HW WKH FRQYH\RU
VSHHGWRIDFLOLWDWHVPRRWKDQGXQLIRUPIHHGLQJ
2227 Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
)LJ0RGHORIIODVKLQJPDFKLQH )LJ)ODVKLQJ PDFKLQH
 '(6,*12)(;3(5,0(17
7KH'2(LVGLYLGHGLQWRWKUHHPDLQSKDVHVZKLFKHQFRPSDVVHVWKHH[SHULPHQWDWLRQ7KHWKUHHSKDVHVDUH
3ODQQLQJ3KDVH
&RQGXFWLQJ3KDVH
$QDO\VLV3KDVH
'2(LQ)ODVKLQJ
7KH SURFHVV RI )ODVKLQJ LV FRQVLGHUHG DV DQ DUW EHFDXVH RI WKH ODUJH DPRXQW RI YDULDELOLW\ DQG VXEMHFWLYLW\
LQYROYHG+LJKO\ LQFRQVLVWHQW UHVXOWV RI IODVKLQJTXDOLW\ DUHGXH WRYDULDELOLW\ LQRSHUDWRUV 7KHPDWHULDO UHPRYDO
UDWH VXUIDFH ILQLVK DQG VSUHDG GHSHQG RQ WKH SURSHU FRQWURO RI IODVKLQJ SDUDPHWHUV VXFK DV IODVKLQJ SUHVVXUH
IODVKLQJ VSHHG RI URWDWLRQ1XPEHU RI JURRYH IODVK ULQJPDWHULDOZHLJKW DQG VL]H DEUDVLYH VL]H DQG W\SHZRUN
SLHFHPDWHULDOFRRODQWW\SHDQGKDUGQHVV,WLVLPSHUDWLYHWRVHOHFWSURSHUYDOXHVIRUWKHIODVKLQJFRQWUROSDUDPHWHUV
WRDWWDLQWKHGHVLUHGRXWFRPHV
7DEOH3DUDPHWHUVRIRSHUDWLRQ
&RQWUROODEOH3DUDPHWHUV 3ODWH5301R2I*URRYHV*URRYH'HSWK)ODVKLQJ3UHVVXUH
&RRODQW7\SH	7HPSHUDWXUH$EUDVLYH*ULWVL]H6L]HRI3ODWHV
HWF
5HVSRQVH 3DUDPHWHUV 0DWHULDO 5HPRYDO 5DWH 6SUHDG )ODVKLQJ &\FOH WLPH 6XUIDFH
5RXJKQHVV
)DFWRULDOGHVLJQVKDYHEHHQIRXQGWREHPRVWHIILFLHQWIRUH[SHULPHQWVWKDWLQYROYHWKHVWXG\RIWKHHIIHFWVRIWZR
RUPRUHIDFWRUVZKLFKLVWKHFDVHKHUH7KXVLQWKLV UHVHDUFKWKHH[SHULPHQWVZHUHGHVLJQHGXVLQJIDFWRULDOGHVLJQ
FRQFHSWV
2EMHFWLYHVRIWKH([SHULPHQW
7KHIROORZLQJDUHWKUHHPDLQREMHFWLYHVRIFRQGXFWLQJDVHWRIH[SHULPHQWVIRUPDQXDOODSSLQJ
¾ ([SORUHWKHIXQGDPHQWDOUHODWLRQVKLSVDPRQJNH\SDUDPHWHUV RIIODVKLQJLQDVFLHQWLILFDSSURDFK
¾ *DWKHUGDWDRQWKHPRVWFULWLFDOSDUDPHWHUVIRUDJLYHQVHWRISURGXFWFRQVWUDLQWV
¾ 8VHDQDO\VLVRIWKHUHVXOWVDVDVRXUFHRIVXSSRUWLQJLQIRUPDWLRQIRUXQGHUVWDQGLQJ)ODVKLQJSDUDPHWHUVDQG
WKHLUUHODWLRQVKLSV
 3DUDPHWHUV XQGHU &RQVLGHUDWLRQ
7KHIROORZLQJVXEVHFWLRQVH[SODLQWKHSDUDPHWHUVXQGHUFRQVLGHUDWLRQLQFRQGXFWLQJ)ODVKLQJH[SHULPHQWVE\
FODVVLI\LQJWKHPLQWRXQFRQWUROODEOHFRQWUROODEOHDQGUHVSRQVHSDUDPHWHUV
2228   Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
8QFRQWUROODEOH3DUDPHWHUV
7KHIROORZLQJSDUDPHWHUVDUHXQFRQWUROODEOHDQGPD\EHFRQVLGHUHGUDQGRPYDULDWLRQV LQFRQGXFWLQJ WKH
H[SHULPHQWV7KHVHSDUDPHWHUVPD\VRPHZKDWDIIHFWWKHTXDOLW\RI)ODVKLQJ%DOOVXUIDFHV
x 2SHUDWRU¶VYDULDELOLW\ RU VXEMHFWLYLW\
8QFHUWDLQWLHVRIKXPDQSHUIRUPDQFHDUHXQDYRLGDEOH7KLVLVWKHPDLQUHDVRQZK\WKHRXWFRPHRI)ODVKLQJ
LV JHQHUDOO\ LQFRQVLVWHQW ([DPSOHV RI RSHUDWRU¶V YDULDELOLW\ LQFOXGH ODFN RI NQRZOHGJH LPSURSHU
PHDVXUHPHQWDQGVNLOOOHYHO
x (QYLURQPHQWDOIDFWRUV
$)ODVKLQJRSHUDWLRQLVSUHIHUDEO\WREHSHUIRUPHGLQDFOHDQDQGVWHDG\HQYLURQPHQW+RZHYHUWKLVLVQRW
DOZD\VSRVVLEOH([DPSOHVRIHQYLURQPHQWIDFWRUVLQFOXGHWHPSHUDWXUHYLEUDWLRQDQGGLUW
&RQWUROODEOH3DUDPHWHUV,QSXW3DUDPHWHUV
7KH FRQWUROODEOH SDUDPHWHUV XVHG LQ WKH H[SHULPHQWV DUH EDVLFDOO\ SURFHVV FRQWURO SDUDPHWHUV 7KHVH
SDUDPHWHUVFDQEHFDWHJRUL]HGLQWR³FRQVWDQWV´DQG³YDULDEOHV´6LQFHWKHN IDFWRULDOGHVLJQLVXVHGWKHUHDUHRQO\
WZROHYHOVIRUHDFKYDULDEOH
$ &2167$17
x )ODVKULQJ 3ODWHPDWHULDO  &DVWLURQLVWKHPRVWZLGHO\XVHGPDWHULDOIRU)ODVKULQJ%DOOVXVHGLQ
H[SHULPHQWDUHRIVWDLQOHVVVWHHO
x )ODVKULQJSODWHGLDPHWHU  6LQFHWKHUHLVRQO\RQHVL]HRI)ODVKULQJSODWHDYDLODEOHIRUWKHH[SHULPHQWVWKH
)ODVKULQJSODWHVL]HLVDFRQVWDQWKHUH
x &RRODQW7\SH  )RUWKHDOOH[SHULPHQWVWKHFRRODQWXVHGLV3RO\FRRO
x &RRODQW7HPSHUDWXUH  &RRODQWWHPSHUDWXUHLVNHSWFRQVWDQWWKURXJKRXWWKHSURFHVVZKLFKLVNHSWFIRU
ZKROHRSHUDWLRQ
%9$5,$%/(
x 3UHVVXUH  ,QWKLVH[SHULPHQWSUHVVXUHZLOOEHYDU\LQJ	WKLVLVN IDFWRULDOGHVLJQVRWKHUHLVWZRYDOXHVRI
SUHVVXUHZLOOEHFKRVHQ
x 1R2I*URRYHV  +HUHQRRIJURRYHZLOODOVREHYDULHG
x 3ODWH530  7ZRGLIIHUHQWYDOXHVRI530DUHXVHGLQSHUIRUPLQJWKLVH[SHULPHQW3ODWH530LVEHOLHYHG
WREHDPRQJFULWLFDOSURFHVVSDUDPHWHUV
5HVSRQVHV2873873$5$0(7(56
x 6SUHDGLQ P
 ([SODQDWLRQIRU([SHULPHQWDO'HVLJQ
7R PHDVXUH WKHEDOOGLDPHWHUGLDOLQGLFDWRULVXVHGZKLFKPHDVXUHVWKHVL]HRIEDOOV LVVKRZQLQILJ 6SUHDGLV
WKHYDULDWLRQLQWKHGLDPHWHURIEDOOVRIVDPHEDWFKRUORW 6SUHDGLVWKHGLIIHUHQFHEHWZHHQWKHODUJHVWGLDPHWHU	
WKHVPDOOHVWGLDPHWHURIEDOOVIURPDVDPHORW 6SUHDGLVPHDVXUHGDVȝP
)LJ'LDO,QGLFDWRU
7KHH[SHULPHQWIRU )ODVKLQJZDVGHVLJQHGXVLQJDIXOOIDFWRULDOGHVLJQZLWKWZROHYHOVIRUHDFKLQSXWYDULDEOH
N IDFWRULDOGHVLJQ6LQFHWKHUHDUHWKUHHIDFWRUVHDFKDWWZROHYHOVWKHGHVLJQLV IDFWRULDOGHVLJQZKLFKUHTXLUHV
2229 Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
UXQV WRFRPSOHWHDOO WKHSRVVLEOHFRPELQDWLRQV+HUH WKHH[SHULPHQWZLOOEHKDYLQJUHSOLFDWHVRI6RIRUHDFK
FRPELQDWLRQWKHQRRIUHDGLQJVDUH %HORZWDEOHVKRZVWKHIDFWRUVDQGWKHLUOHYHOVRILQWHUHVWV
7DEOH)DFWRUV	OHYHOVRILQWHUHVW
)DFWRUV /HYHOV
3UHVVXUH .JFP 	.JFP
1RRI*URRYHV 	
530RI5LQJ3ODWH  SP	USP
(;3(5,0(17$/5(68/76
7DEOH 635($'LQP%$//',$0(7(59$5,$7,21
530
$
122)*5229(6%
 
35(6685(& 35(6685(&
NJFP NJFP NJFP NJFP

   
   

   
   
 &DOFXODWLRQIRU6SUHDG
7DEOH  HIIHFWWDEOHIRU6SUHDG
7UHDWPHQW
&RPELQDWLRQ
&RGHG)DFWRUV 6SUHDG
7RWDO$ % & 5HSOLFDWH 5HSOLFDWH
      
D      
E      
DE      
F      
DF      
EF      
DEF      
6XPRI6TXDUHV
66$  
ሺ ሻ  ሺ ൈ ሻ  
66%  
ሺ ሻ  ሺ ൈ ሻ  
66&  
ሺ ሻ  ሺ ൈ ሻ  
66$%  
ሺ ሻ  ሺ ൈ ሻ  
66$&  
ሺ ሻ  ሺ ൈ ሻ  
66%&  
ሺ ሻ  ሺ ൈ ሻ  
2230   Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
66$%&  
ሺ ሻ  ሺ ൈ ሻ  
66WRWDO  σ σ σ െ ǥ
                  ±
ൈ
 
66(UURU  66WRWDO  66$  66%  66&  66$%  66%&  66$&  66$%&
 
660RGHO  66$ 66% 66& 66$% 66%& 66$& 66$%&
 
 
$129$
7DEOH $129$IRU6SUHDG
6RXUFH2I
9DULDWLRQ
6XPRI
6TXDUH
'HJUHH2I
)UHHGRP
0HDQ
6TXDUH )
)WDEOH
)
6LJQLILFDQW
,QVLJQLILFDQW
$     6LJQLILFDQW
%     6LJQLILFDQW
&     6LJQLILFDQW
$%      ,QVLJQLILFDQW
%&     ,QVLJQLILFDQW
$&     ,QVLJQLILFDQW
$%&     ,QVLJQLILFDQW
(UURU   
7RWDO  
3HUFHQWDJH&RQWULEXWLRQ
&RQWULEXWLRQRI)DFWRU$530 
Ǥ
Ǥ
ൈ ͳͲͲ ൌ 
&RQWULEXWLRQRI)DFWRU%1R2I*URRYHV  
Ǥ
Ǥ
ൈ ͳͲͲ ൌ 
&RQWULEXWLRQRI)DFWRU&3UHVVXUH 
Ǥ
Ǥ
ൈ ͳͲͲ ൌ 
 'HVLJQ0RGHO
ൌ ൅ ൅ ൅ ൅ ൅ ൅ ൅
:KHUH\ )XQFWLRQRI0RGHO6SUHDG
ǡ ǡ  5301RRIJURRYHV	 3UHVVXUHUHVSHFWLYHO\
ǡ ǡ ǡ ǡ ǡ ǡ ǡ  &RHIILFLHQW
ൌ
σ σ σ
   
ൌ   
ൌ    
ൌ    
ൌ ͺǤͶ͵͹ͷ ൅ ͲǤ͸ͺ͹ͷ ൅ ͲǤ͸ͺ͹ͷ ൅ ͲǤͻ͵͹ͷ
1RZIURPWKHEHORZJUDSKVWKHYDOXHRISUHVVXUH5301RRIJURRYHVZLOOEHDWORZHUOHYHO
6R ൌ െͳǡ ൌ െͳǡ ൌ െͳ
2231 Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
\    
\PHDQ  
VRUHVLGXDOH  ±   
1RZILQDOSDUDPHWHUVWRDFKLHYHPLQLPXPVSUHDGDUH
530  3UHVVXUH NJFP 1RRIJURRYHV 
$WDERYHOHYHORIWKHVHSDUDPHWHUVWKH UHVLGXDOLVDOVR 6RILWWHGUHJUHVVLRQPRGHOLVWUXHIRUWKHVHOHYHOV
Ă ď
Đ
)LJ D6SUHDGYV3UHVVXUHE6SUHDGYV1R*URRYHVF6SUHDGYV530
 &21&/86,21
)URPWKH'2(IRUWKH6SUHDGJLYHVWKDWRQO\ WKHPDLQHIIHFWVRISDUDPHWHUVDUHVLJQLILFDQW LQWHUDFWLRQHIIHFW
DUH LQVLJQLILFDQW 3HUFHQWDJH FRQWULEXWLRQV DUH SUHVVXUH KDYLQJ 1R RI *URRYHV KDYLQJ 	530
KDYLQJHIIHFWRQVSUHDG+HUH WKHDLPLV WR UHGXFH WKHVSUHDG6RIURPWKHPDLQHIIHFWSORWRI6SUHDG9V
3UHVVXUH)LJXUH  DSUHVVXUHVKRXOG EHDWORZHUOHYHO6DPHZD\IURP )LJXUH F 530VKRXOGEHDW ORZHUOHYHO	
IURP )LJXUH E 1RRIJURRYHVVKRXOGDOVREHDWORZHUOHYHOWRDFKLHYHPLQLPXPVSUHDG 6RIRUPLQLPXPVSUHDG
SUHVVXUHZLOOEHNJFPSODWHVSHHGUSP	1RRIJURRYHV DUH$OVRWKHUHVLGXDOIRXQGDWWKLVOHYHOIURP
WKHUHJUHVVLRQPRGHOLV ± ZKLFKLVYHU\OHVV
5HIHUHQFHV
%=KDQJ78HPDWVX  $1DNDMLPD+LJKHIILFLHQF\DQGSUHFLVLRQJULQGLQJRI6L1FHUDPLFEDOOVDLGHGE\PDJQHWLFIOXLGVXSSRUWXVLQJ
GLDPRQGZKHHOV-60(,QW-6HU&SS ±
&-(YDQV( SDXO' 'RUQIHOG 0DWHULDO5HPRYDO0HFKDQLVPVLQ/DSSLQJ	3ROLVKLQJ --63(SS 
&KLOGV7+&0DKPRRG6<RRQ+- 7KHPDWHULDOUHPRYDOPHFKDQLVPLQPDJQHWLF IOXLGJULQGLQJRIFHUDPLFEDOOEHDULQJV3URF,QVW0HFK
(QJ3DUW% SS ̢
ϳ͘ϱ
ϵ͘ϯϳϱ
Ϭ
Ϯ
ϰ
ϲ
ϴ
ϭϬ
Ϯϱ ϯϬ




P
Ȁʹ

ϳ͘ϳϱ
ϵ͘ϭϮϱ
ϳ
ϳ͘ϱ
ϴ
ϴ͘ϱ
ϵ
ϵ͘ϱ
ϭϱ ϭϴ




P
Ǥ

Ǥ

ϳ͘ϳϱ
ϵ͘ϭϮϱ
ϳ
ϴ
ϵ
ϭϬ
ϵϬ ϭϭϬ




ρ



2232   Pratik J. Patel et al. /  Procedia Materials Science  5 ( 2014 )  2224 – 2232 
'RXJODV&0RQWJRPHU\'HVLJQDQG$QDO\VLVRI([SHULPHQWVWK(GLWLRQ-RKQ:LOH\	6RQV
,RDQ'0DULQHVFX(FNDUW8KOPDQQ 7KH(YDOXDWLRQRIVWHHOEDOOLQGXVWU\ E\+RRYHU6WHHO%DOO +DQG%RRNRI/DSSLQJ	3ROLVKLQJ7RVKLUR.
'RL &5&SUHVV
-.DQJDQG0+DGILHOG 3DUDPHWHURSWLPL]DWLRQE\7DJXFKL0HWKRGVIRUILQLVKLQJDGYDQFHGFHUDPLFEDOOVXVLQJDQRYHOHFFHQWULFODSSLQJ
PDFKLQH -RXUQDORI(QJLQHHULQJ 0DQXIDFWXUH3DUW%9ROSS 
-.DQJDQG0+DGILHOG 7KHSROLVKLQJSURFHVVRIDGYDQFHGFHUDPLFEDOOVXVLQJD QRYHOHFFHQWULFODSSLQJPDFKLQH 3URF,QVW0HFK(QJ
SDUW$SS
-.DQJ0+DGILHOG $QRYHOHFFHQWULFODSSLQJPDFKLQHIRU ILQLVKLQJDGYDQFHFHUDPLFEDOOV 3URF,QVW0HFK(QJSDUW% SS 

-.DQJ0+DGILHOG ([DPLQDWLRQRIWKHPDWHULDOUHPRYDOPHFKDQLVPVGXULQJWKHODSSLQJSURFHVVRIDGYDQFHGFHUDPLFUROOLQJHOHPHQWV
:HDUSS ±
3UDWLN - 3DWHO 6DXULQ 6KHWK  (IIHFW RI 9DULRXV 3DUDPHWHUV RQ0DWHULDO 5HPRYDO 5DWH LQ )ODVKLQJ 2SHUDWLRQ RI 3UHFLVLRQ 6WHHO %DOO
0DQXIDFWXULQJ3URFHVVVW,QWHUQDWLRQDODQGWK1DWLRQDO&RQIHUHQFHRQ0DFKLQHVDQG0HFKDQLVPVL1D&R00 ,,75RRUNHH,QGLD
SS
3UDWLN3DWHO	6DXULQVKHWK .LQHPDWLFVRI9*URRYHLQ)ODVKLQJ)RU0DQXIDFWXULQJ2I3UHFLVLRQ6WHHO%DOOV1&$(7 .,7	5&.DORO
5REHUW+ *UDQW 7KHPDQXIDFWXUHRI6WHHOEDOO'HYHORSPHQWVRIPDFKLQHV	0HWKRGV 0DFKLQHU\1HZ<RUN
7.XUREH+.DNXWD02QRGD  6SLQDQJOH&RQWURO/DSSLQJRIEDOOV --63( SS 
:X&)-+DPDGD0 ([SHULPHQWV3ODQQLQJ$QDO\VLVDQG3DUDPHWHU'HVLJQ2SWLPL]DWLRQ:LOH\
